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R578DispatchesAnhydrobiosis: The Model Worm as a Model?New work now shows that the dauer larvae of Caenorhabditis elegans can
survive anhydrobiotically. The genetic tractability of this model organism may
be useful in studying how organisms survive when losing most or all of their
water.Adult
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Figure 1. The life cycle of Caenorhabditis
elegans.
The C. elegans life cycle consists of the adult
(hermaphrodite or, rarely, male), the egg
and four larval stages (L1–L4). In response
to an environmental trigger (population den-
sity, starvation, temperature), an alternative
developmental pathway is initiated (mediated
by DAF-7/TGF-b signalling) that leads to
the formation of the more resistant dauer
larva [11].David A. Wharton
Some organisms have the remarkable
ability to lose all the water from their
bodies and enter into an ametabolic
state of anhydrobiosis — i.e. life
without water. The ability to survive
anhydrobiotically is found amongst
a range of prokaryotic and eukaryotic
organisms [1,2]. The main animal
models for the study of anhydrobiosis
have been the nematodesAphelenchus
avenae and Ditylenchus dipsaci [3,4],
various species of tardigrades and
rotifers [5,6], embryos of Artemia salina
[2] and the ‘sleeping chironomid’,
Polypedilum vanderplanki [7], the latter
being the largest and most complex
animal known to survive
anhydrobiotically.
Model organisms are those that are
widely studied and that are convenient
to keep in the laboratory [8]. Prominent
amongst these has been a nematode,
Caenorhabditis elegans, the first
animal to have its genome sequenced
[9]. Although molecular techniques
are now being applied to the study of
a variety of anhydrobiotic organisms
[3,5], the vast amount of information
available on C. elegans, and the
techniques developed for its study,
could be applied to the study of
anhydrobiosis if this nematode could
be induced to enter anhydrobiosis.
In this issue of Current Biology, Erkut
et al. [10] report just that — at least
in the dauer larval stage.
Overcrowding, starvation or high
temperature triggers an alternative
developmental pathway in C. elegans
(Figure 1) that results in the formation
of a dauer larva rather than a normal 3rd
stage larva (L3). The dauer larva is
developmentally arrested and more
resistant to stress than a normal L3
[11]. The natural habitat of C. elegans
is thought to be rotting fruits [12], an
ephemeral habitat that is soon
exhausted. In a phoretic relationship,
dauer larvaemay be transported on the
cuticle of insects, and other terrestrialarthropods, to fresh habitat [9,13].
During this process the dauer larva is
likely to be exposed to desiccation so
we may expect them to have some
degree of desiccation tolerance.
Erkut et al. [10] have shown that the
dauer larva of C. elegans is the only
stage in its life cycle that can survive
exposure to a mild desiccation stress,
i.e. exposure to 98% relative humidity
(RH). Using the dauer-constitutive
mutants daf-2 and daf-7, which form
dauer larvae at 25C, these authors
have shown that dauer larvae can
survive more extreme desiccation if
they are first desiccated at a high
RH. This preconditioning effect is
widespread amongst anhydrobiotic
nematodes that rely upon their
environment to produce the slow rate
of water loss that is necessary for
survival (‘external dehydration
strategists’ [14]) and suggests that
changes occur in these nematodes that
allow them to survive under conditions
of more extreme desiccation.
An increase in the concentration of
the disaccharide trehalose has long
been associated with anhydrobiosis
[15], and Erkut et al. [10] show that an
increase in trehalose concentration
during preconditioning (exposure to
98% RH) also occurs in C. elegans
dauers. Double-deletion mutants
(daf-2; DDtps) lacking genes for two
enzymes involved in trehalose
biosynthesis (tps-1 and tps-2, both
coding for trehalose 6-phosphate
synthase) have a reduced ability to
survive desiccation and to respond to
preconditioning [10], suggesting that
trehalose is involved in desiccation
tolerance. Comparing the
morphological (using light and electron
microscopy) and molecular properties
(using attenuated total-reflection
infrared spectroscopy) of daf-2 and
daf-2; DDtps mutants during
desiccation and rehydration indicates
that trehalose acts to preserve
membrane structure during
desiccation by maintaining the nativestate of the packing ofmembrane lipids
[10]. This mechanism was suggested
by John Crowe in his ‘water
replacement hypothesis’ [15], as
a result of his experiments on the
effects of sugars on the stability of
model membrane systems. These
results on C. elegans dauers are the
first direct evidence in support of this
proposal in a living organism.
Is trehalose essential for
anhydrobiosis? Apparently not, since
trehalose-deficient yeast mutants have
similar levels of desiccation tolerance
to those of the wild type [16]. Some
rotifers do not produce trehalose
and have no trehalose synthase genes,
and yet are capable of anhydrobiosis
[17]. The nematode Ditylenchus
myceliophagus cannot survive
complete desiccation despite
producing trehalose and may require
further adaptations to survive
anhydrobiotically [18]. Although
trehalose clearly plays a role in
desiccation tolerance, it does not
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anhydrobiosis. Attention is now
focusing on various ‘omic’ approaches
to the study of anhydrobiosis [5]
to explore whether there is
a ‘desiccome’ — a set of genes
associated with desiccation survival
and anhydrobiosis [6]. Of particular
interest is desiccation-induced protein
synthesis and the role of lea (late
embryogenesis abundant) genes [19].
So will C. elegans dauers prove
a useful model for the study of
anhydrobiosis? Undoubtedly, but with
a note of caution. The desiccation
survival abilities of dauer-constitutive
mutants are modest with 10% survival
after exposure to 0% RH, following
preconditioning at 98% RH. The
survival of wild-type dauers is even
lower [10]. Nematodes have a range of
desiccation survival abilities [14], even
within the same genus [20]: some will
survive direct exposure to 0% RH with
high levels of survival (‘innate
dehydration strategists’ [14]). Perhaps
our understanding of anhydrobiosis
will be advanced by comparing the
biology of organisms with different
abilities to survive desiccation and
anhydrobiosis.
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E-mail: david.wharton@otago.ac.nzDOI: 10.1016/j.cub.2011.06.040Associative Memory: Without a TraceSome transient sensory stimuli can cause prolonged activity in the brain. Trace
conditioning experiments can reveal the time over which these lasting
representations can be utilized and where they reside.Emmanuel Perisse and Scott Waddell
Associative learning allows an animal
to know that the presence of
a stimulus — the conditioned
stimulus or CS, such as a smell or
taste — predicts another is
forthcoming — the unconditioned
stimulus or US, a reward or
punishment. Since the classic
experiments of Pavlov [1], we have
known that associative conditioning is
most efficient when the CS and US
presentations overlap in time (delay
conditioning). However, learning can
also occur when there is a pronounced
gap between the CS and US (trace
conditioning). Perhaps the mostextreme case is in conditioned taste
aversion learning in rodents, where the
onset ofmalaiseminutes tomany hours
after tasting a substance leads to
a robust and long-lasting taste
avoidance memory [2]. More subtle
cases involve learning with a CS–US
interval of minutes or seconds [1,3].
Importantly, such learning requires that
following cessation of the CS,
a representation or ‘trace’ remains in
the nervous system that can be
functionally associated with a later
US so that a memory is formed.
Understanding how and where
stimulus ‘traces’ manifest in the
nervous system and how they are
incorporated into memory is ofconsiderable interest. Animals with
relatively simple and manipulable
nervous systems may be useful for
this endeavour.
Two recent studies [4,5] investigated
trace conditioning using olfactory
associative learning and physiological
approaches in the honeybee and
fruit fly. Bees quickly learn to extend
their proboscis to odors following
association of that odor with a sucrose
reward [6,7]. In a similar manner, flies
learn to avoid an odor that was
previously associated with an electric
shock [8]. Using variants of these
established training protocols, both
groups investigated parameters of
‘trace’ conditioning. Flies could learn
a ten second odor stimulus when
punished fifteen seconds afterwards,
whereas bees could remember a half
second odor pulse when rewarded six
seconds later. Surprisingly, unlike
other animals [3,4,9,10], bees
remembered after only one trial of trace
